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THE KEY INVOLVE.MENT OF POLY (ADP-RIBSYLATION) IN DEFENSE AGAINST
TOXIC AGENTS: MOLECL•AR BIOLOGY STUDIES

.!e COPY
SUMMARY AND RESEARCH OBJECTIVES:

Poly (ADP-Rib) polymerase requires DNA for activity and it is significant that
the catalytic activity of this enzyme is directly coordinated to the number of DNA
strand breaks in DNA, both in vitro as well as in vivo. The poly (ADP-Ribosylation)
modification of chromatin-associated proteins thus functions during various
biological reactions involving DNA repair, replication).

The project initially had three aims. Some of these aims have been modified
during the two years of the course of the project. Most recently, we have been
mainly interested in how poly (ADP-ribosylation) helps us to protect cells from toxic
agents which interact with DNA, by utilizing new geaetic tools which have been
developed in our laboratory. Specifically, we have been the first group to have
reported the cloning of the cDNA and gene for this enzyme. Our aim during the last
years has been mainly concerned with how one might manipulate the
hyperexpression of the cloned gene for this enzyme in order to first make cells more
resistant to toxic agents and secondly, to begin to understand the underlining
mechanism by which ADP-Ribosylation alters chromatin around DNA strand breaks
to help the cell to recover from such damage.

0
STATUS OF THE RESEARCH -

Overview of Resuilts and Proriresg
Progress has been made in a number of related areas concerning the

mechanism of the involvement of poly(ADP-ribosylation) in recovery of cells from
toxic agents and secondly on the cloning, sequencing chromosomal localization and s
other aspects of the molecular biology of poly(ADP-Rib) polymerase.

"* I

DETAILED REPORT

1. Immunofractionation Characterization of Single Strand DNA Breaks %fl,

Adjacent to Sites of Poly(ADP-Rib).

Smulson, M., Poly (ADP-Ribosylation) of Nucleosomal Chromatin: Electrophoretic
and Immunological Methods. "Methods in Enzvmoloev" 1DA, 933-943, 1984, Edited
by F. Wold Academic Press
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Using the method above, we analyzed the nucleosomal populations adjacent
and distal to poly (ADP-Rib) for internal single strand breaks by using two-
dimensional clectrophorctic gels. Relevant to the current project was the
observation that immunofractionated poly (ADP-Rib) oligonucleosomal DNA
contains significant amounts of internal single-strand breaks compared
with bulk chromatin.

Overview: This is the first direct data that demonstrates that poly (ADP-
ribosylated) nuclcosomcs are adjacent to strand breaks.

2. Use of Im~munofractionation on Anti-Poly (ADP-Rib) Antibody to Study
DNA Repair

Thraves, P. J., Kasid, U.. and Smulson, M. E.. Selective Isolation of Domains of'
Chromatin Proximal to both the Carcinogen-induced DNA Damage and Poly (ADP-
Ribosylation), Cancer Rescarch, 15, 386-391 (1985).

We observed an enhancement (2-fold) in the specific retention of hypcr-ADP-
ribosylated, in vivo [ 3H]-TdR labcllcd chromatin, following treatment with MNU. In
addition we noted that the incorporation of the chain terminator Ara-C was also
enriched in the poly (ADP-ribosylatcd) strand breaks. Furthermore, the
retention of these chromatin regions to the antibody column was due to the iiicreased
synthesis of longer polymer chains on the protein acceptors of these chromatin
domains. This methodology thus offers a useful means of isolating the substance
under analysis the dynamic domains of chromatin undergoing DNA synthesis and/or
repair. Selected data from this paper are shown below.
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3. Pauses in Poly (ADP-Rib) Subsequent to DNA Strand Breaks Increase
3T3 Cell Transformation, and Oncogene Expression.

Kasid, U. N., Stcfanik, D., Lubet, R. A., Dritschilo, A., and Smulson, M. E.;
Relationship between DNA Strand Breaks and Inhibition of poly (ADP-
ribosylation): Enhancement of Carcinogcn-lnduced Transformation,
Carcinogenesis, 7, 327-330 (1986).

Inhibition of poly (ADP-Rib) of nuclear proteins increases the persistence of
DNA strand breaks elicited by DNA damaging agents, and markedly increases SCE
exchang.. reactions. Accordingly, it seemed logical to test, at the molecular level,
whether these cellular events cause rearrangements or alterations of specific
sequences such as oncogenes in DNA. We utilized transformation of BALB/3T3 cells as
a selective system to obtain homogeneous samples of DNA after damaging cellular
DNA by X-rays and/or inhibition of poly (ADP-Rib).

Inhibition of poly (ADP-Rib) by benzamide or 3AB for a brief period
following DNA damage due to either X-ray or MNNG in BALB/3T3 cells significantly
(3-30X) enhanced transformation frequency. A
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We established 14 transformed cell lines, after having been characterized for

growth in soft agar and tumnor induction in nude mice. No gross rearrangements of 7
representative oncogenes including the more frequently activated c--ki-ras, was
observed (s*, e above, right). DNA dot blot hybridization suggested a 2-4 fold
amplification of c-Ha-ras gene in 3 transformed cell lines.



Kasid. U. N., Hou-ih, C.. Thravcs, P.. Dritschilo, A., and Smulson, M.E.; Thc
Association of Human c-Ha-ras Sequences with Chromatin and Nuclear Proteins,
Riochcm.,l- rh Rc- (Thrmutin., 1_a~, 226-2-32., 1985.

Southern-blot hybridization of DNA isolated form various nucicosomal
chromatin fractiuns to probes of either c-Ha-ras or thc inactive B-globin gene
yielded the following results: (1) c-Ha-ras se-'uences segregated predominantly in
the nuclease-senisitive chromatini fractions. (2) Unlike the B-globin (inactive gene).
C-Ha-ras assoc~ated chcomatin lacked typical nucleosomal structure. In these
preliminary studies we also immuno-fractionated nucleosomes on anti-poly(ADP-
Rib) Sepharose to examine the association of this oncogene with sites of puly(ADP-
Rib).

Overview: These past studies provide an approach to determine, at the
molecular level (i.e. by use of anti-sense), whether inhibitors of poly. (ADP-Rib)
polvmerase or an:y other mechanism to reic DNA repair alontp, or in conjunction
with damaging --gents can cause alterations in oncogene sequences.

4. Poly ADP-Ribosylation of an Oncogene Protein.

Baksi, K., Alkhatib. H.. and Srnulson. M. E.; In Vivo characterization of The Poly
ADP-Ribosvlation of SV 40 chromatin and Large T Antigen by
Immunofractionation, Ex~tl, Cell Res., 172, 110-123, 1987.

We have confirmed the poly(ADP-ribos~iatiofl) of large T antigen of Sv4O by usint

nrtiboae$s to both large T antigen and polylADP-ribosc) and consequently have begunt t0 us a

,laarac..enze how this poit-iransiatioflal nuclear modifi:atio fl othe viral prote~in modulates 1 2

ýs bological functions. SV4O mninichrotnosomal suopopuia~iof containing repticative inier-

?,ediate DNA was show'n in have a signficantly higner alfinity for anti-polv(AOF.Ribl-Se-

:-%aose than viral chromatin fractioins containitng mature minicttrotnosornai ONA. An anti- .0--

arge T-Seprnarose column was used to isolate T antigen fronm crude extracts by two i
-tfrent approaches: (iI large T antigen -as labeled wIltS "n eh~tei it n h ~ 0

~fe:ed ellex-act was immunofmationated to isolate large T antigen and 1z1 large T 74

~nign rm nfctdcell extracts was immunofractionated followed by immunostainin;-. ' 2 CO
*'.1;rl these tecriniques. 1-10 % of the total , ant;gen from inecte celsw t fud to mc-
rýol YADF.rt Do$ ylate d). Minichromosome preparations per it were also subietdt __

Munofr2ctionation on anti-lar~c i-Seprsaroie. Ine high level of retention of p>olylADP- 100

-. svitz)cpcis of minichrotrosomes on mis tatnx. sug1te tt.t ns ot8fnil
,inal 1 ~noica~ion of viral ,noaf may be relattd to tnose sieps ir, viral repliiatton and -

r-anscrrption uncer, regulation by large T antigen. Z1w, IVm. Z.~ w..
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Fir. 3. The natural occurrentce of poly(ADP-ribosylation) large T antigen of SV40 virus as detter.
mined by- iinmunoft..:tionation. ["

t SIMethionint-labeled large T antigen isolated on an anti-large T
antibody column (Fig. 1) was a-pplied to 6 ml of antipolylADP-Ribo)-immunoglobulin G-Sepharose AB

as iOescrined in "able 1. Acid insoluble ("Sjmethionine incorpo.2tion was monitored in 50 1u of each
tample Sif. Th. unbound and bound samples %-ere concenrtraled and analyzed by SrDS-.-PAG. The
inser% shows the amroradiocnim, of the fractions. Unbound (lane 11: bound (lane 2).
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Cloning and expression of cDNA for humian poly(ADP-ribose)
pol ym erase

(DNA repair/COS cell transfection /cell c~cle/DNA sitrand breaks)

HUSSEIN N1. ALKIIATIB, DEFrENG CHEN*, BARRY CHERNEli , KisHop. BHATIA*, VICENTE NoTARIO),
CHANDRAKZANT GIW~, GARY STEINt, ELIZABETH SLATTERY§¶, ROBERT G. ROEDER§,
AND MARK E. SNIULSON* 1 1

*Depariment of Biochemistry. Georizetown University Schools of Medicine arnd Dentistrv. Washington, DC 2(0007; IlLahoratory ort Riochemisry and Molecular
Biology-. The Rockefeller Ur~iversiiy. Neu. York, NY 10021; and 'Dission of Virology. Food and Drug Adminsistration, Bethesda, MD 21.205; and :Department
or Rjochemisry and Molecular lijolog). University of Florida Coliege of MediLine. Gainesville, FL 32610

Commounicated by Arthur R. Pardre, November 10, 1986

ABSTRACT cl)NAs encodint! polv(ADP-rihose) polymer- Oka 'vamra-Berg vector. One of these vectors [pcD-p(ADPR)P;
ase roma hrtanheptonti g 11cDN lirar ss re solted 3.6 kb] wAas tested in transient transfection experiments in COS
by imunlogcalscrenig. ne iser of1.3kilbass ~ cells. This cDNA insert contained the complete coding sequence

consistently hy~bridized on RNA gel blots to an mRNA species frplmrs sidctdb h olwn rtra i
3-fold increase in in vitro activity was noted in extracts from

of 3637kb, which is censistent with the size of RNA
necesar tocod fo th pa; measeproein(11 k~). his transfected cells compared to mock or pSVZ-CAT transferted

insert was subsequently used in both in vitro hybrid selection cel.-as -fl nraeinplmrs ctvt npD
and ybrd-arestd trnslstio stdies AnmRNAspeies p(ADPR)P transfected cell extracts compared to controls ast~
andh-,ridarrste trnsitio stdie. A mRNA peces observed by "activity gel" analysis on gels of electrophoreti-

fron hel~a cells of 3.6-3.7 kb was selected that was translated C21t1y separated proteins at 116 kDa. ti0) A 10- to 15-fold
into a 116-kf~a protein, which was selectively lmmunoprecipi- ices nnw;snhszdplmrs a eetdb
tate2d w ith anti-poliy(ADP-ribose) pollvmerase. To confirm that imuorcptto flabeled transetdcl xrcs sn
the 1.3-kb insert from XgtlII encodes for poly (ADP-ribose) pcD-p(ADPR)P as probe, it was observcd that the level of
polymerase. the insert w as used to screen a 3- to 4-kb subset of poly(ALIP-ribose) polymerase mRNA was elevated at 5Sand 7 hr
a transformed human fibroblast cDNA librar-y in the 0 hs fteH~ elcce u a nlee hn .

artificial DNA strand breaks are introduced in HeLa cells by
alkylating agents.

In the above work we showed that the full-length cDNA for poly(ADP-Rib)
polymerase, in an appropriate expression vccbor, is capable of causing
hyperexpr-.ssion of this enzymati c activity in cells already possessing endogenous
activity for the enzyme. For example., in the figure from this paper shown below,
cells were transfectcd with the polymerase cDNA under transient transfection
conditions znd 48 hrs after the initial transfection the cells were isolated and U"
analyzed for both activity and also concentration of poly(ADP-Rib) polymerase
caused by the cloned eDNA.

In Panel B in the figure below the enzymatic activity of polymerase was
assayed in extracts from Cos cells as well as other cells which had been transfected
with control plasmids or mock transfected. In Lane 4 it is obvious that greatly
enhanced enzym:;ic potential for poly ADP-ribosylation existed due to the cloned
gene. This was followed up by immunoprecipitating the newly synthesized
polymerase due to the cloned gene in the various extracts. Again, it is obvious in
Lane 9 that considerably increased amounts of poly(ADP-Rib) polymerase are
synthesized in these cells due to the expression vecvor.
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cI)NA sequence, protein structure, and chromosomal location of the
human gene for poly(ADP-ribose) polymerase

DNA binding proltin/ J)% i-strand-break repair,/chre.m.mieemcs I, 13. and 14/'r.stricitien-fragm-n-enIrlgth iltrniorphism)

S\RR' '. 11I.R .' 0. WALSlj.EY MCIBRItm, DLi:i-c Cii...s, *HL'SSIIN .ALKtIAIIBI. KISHOR BHA I IA.,
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ABSTRACT Recently we described a full-length eDNA for . .. - .
the human nuclear cnzyme poliAJ)P-ribose) polymerase....................L
f ere, %e report the chromosomal localization and partial map ............ .... .... ....... ..... . .

of the human gene for this enzsme as well as the complete .......
coding sequence for this protein. The nucleolide sequence ............ ...... .. ..... ...... ...

re.eals a single 3(42-hasc open reading frame encoding a . .....

proteir. -ith a predicted %fr of 113.135. A comparison of this
deduced amino acid sequence with the amino acid sequence of ........
three peptides deried from human poh(ADP-ribose polymer- ,. .
ase revealed a match of 27 amino acid residues. A computer- .. .. ....

derived structural analisis of the enzime and a search for . .n.. ... .
similarities with other proteins confirmed that the polymerase :0.'' . . . .

belongs to a subfamily of DNA/NAD-binding proteins and . ......... ............

DNA-repair proteins. Possible Zn÷-'binding "fingers," a ... ............ ............. ....... ....... . .
nucleotide-hinding fold, and a nuclear transport signal were .... .. .. ...... ..................
noted. Additionally., chromosomal mapping has identified .
potlvmerase-h *bi idizing sequences on human chromosomes I .
ithe active gene). 13. and 14 (processed pscudogenes). Using the
polmerase cDNA as a probe, we also have detected several -e .... •,i.ai ,, .......... a- nl....

DNA restriction fragment length pohmorphisms in normal . ..... ......n

humans. ,,, ,*, a°
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Overview: These two studies (as supported by this as well as other sources)
have culminated a three year program on the total sequencing of the eDNA for
poly(ADP-Rib) polymerase as well as a formal study on the chromosome localization
of the polymerase gcene. We are thus now able to analyze the various functional
domains (i.e.. active site, DNA binding domain, etc.) of the protein. We plan to use
this information to engineer important regions of the enzyme into various
expression vectors such tc manipuiate, in cells, the various biological functions of
poly(ADP-Rib) polymerase. Additionally, site-directed mutants will be useful for new
experiments. The chromosomal localization of polymerase gene has allowed us to
assign restriction sites to isolate the total active gene for the enzyme. The isolation of
the gene may be very useful in future -ears in order to develop cells containing not
only the cDNA sequences but also active gene sequences including introns.

6. Preliminary Progress on Regulation of Expression of Polvmerase
Gene After DNA Strand Breakage.

Bhatia, K., Stein, G. S., Bustin, M., Fornace, A. J., Imaizumi, M., Breitman, T. R.,
Cherney, B. W., and Smulson, M. E.; Expression of The Poly(ADP-Ribose)
Polymerase Gene: The Cell Cycle, Differentiation, and DNA Repair (Submitted), L.
Biol. Chem, 1987

Having isolated the full-length cDNA for the polymerase, we have now
evaluated the role of endogenously and exogenously nduced DNA strand breaks on
the transcriptional control of this enzyme. During cell replication and
differentiation significant changes were found in mRNA levels for the polymerase.
In a synchronized population of HeLa cells or in serum-stimulated W!-38 cells, steady
state levels of the polymer-ise mRNA were highest at mid S and S-G, phases and
negligible in early S phase. Transcription by in vitro nuclear run-off, showed a 4-
fold increased level of newly synthesized RNA occurring in mid S phase. Unlike
histones, the polymerase run-off transcription was independent of the continued
replication of DNA during S phase. Similar to a number of growth related gene
transcripts that are selectively degraded, the polymerase mRNA has an AUUUA motif
in the 3' untranslated region. We conclude from this that mRNA pools for the
polymerase are regulated both at the transcriptional and post-transcriptiona! levels.

During retinoic acid or DMSO-induced differentiation of HL 60 cells mRNA
levels for the po!ymerase increased very early and remained high for up to 48 hours
following which it decreased to pre-induced levels. None of these changes, however,
were found to accompany the induction of exogenously caused DNA strand breaks as
occasioned by either dimethylsulfate, X-irradiation, or UV-irradiation. It appears
that in sharp contrast to the catalytic requirement of the polymerase, the induction
of transcription of this gene may not be a strand break-dependent process.

r, (7X
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7. Ilyper-Expression of Polymerase Causes Increased DNA Repair.

Bhatia. K., Gini, C., Pommicr, Y., Chcrncy, B., Dritschilo, A., Alkhatib, H., and
Sinulson. M.; Enhanced rate of DNA strand bý.cak repair by hyper expression of
recombinant human poly(ADP-Rib) polymerase. (Subrnitcd), 1988.
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